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Theory and Experiment of High-Speed Cross-Gain
Modulation in Semiconductor Lasers
X. Jin, T. Keating, and S. L. Chuang

Abstract—We present theory and experiment for the high-speed
modulation response of a quantum-well (QW) laser in the pres
ence of an external microwave modulated optical pump in the
gain region. The model includes the effects of pump-induced
stimulated recombination and cross-gain saturation. Expressions
for the small-signal modulation response of the test laser under
gain modulation are derived. We also present experimental results
using a multiple-QW InGaAlAs Fabry–Perot (FP) laser at 1.552
m as the test laser and an external pump by a 1.542 m DFB
laser. Comparison between electrical modulation and optical
cross-gain modulation (XGM) of the test laser is also presented,
which shows improvement of the modulation bandwidth by
optical XGM. Our data show a reduction of carrier lifetime with
increasing optical pumping, a shift of the test-laser threshold
current, a change in the K factor, and a variation of the relaxation
frequency with different pump powers. The experimental results
agree very well with the theoretical results.
Index Terms—Cross-gain modulation, optical injection, wave
length conversion.

I. INTRODUCTION

A

LL-OPTICAL wavelength converters are expected
to become key components in future broadband net
works. Wavelength conversion techniques include cross-gain
modulation (XGM) or cross-phase modulation (XPM) in semi
conductor optical amplifiers (SOA) [1]–[6], four-wave mixing
(FWM) in passive waveguides [7], SOAs [8], or semiconductor
lasers [9], gain-suppression mechanism in the semiconductor
lasers such as DBR lasers [10], [11] and T-Gate lasers [13],
laser-based wavelength conversion [14], [15], and difference
frequency generation (DFG) [16].
Optical XGM in SOAs has been intensively studied in the
past. However, there are relatively few papers on XGM in semi
conductor lasers, especially small-signal modulation [18], [20],
[28]. In this paper, we will concentrate on small-signal XGM in
semiconductor lasers. An intensity-modulated input signal at a
pump wavelength is used to modulate the carrier density and
consequently also the gain of a test laser due to gain saturation.
In the test laser, a continuous wave (CW) beam at desired test
wavelength
(called the test signal) is modulated by the gain
variation. In this way, information is transferred from the pump
wavelength to the test wavelength. The XGM response, which
is obtained by pumping in the gain region of the quantum wells
(QWs), is of great practical significance for wavelength conManuscript received May 15, 2000; revised August 28, 2000. This work was
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version. The modulation response in this case will suffer virtu
ally no adverse transport effects; hence, the response is practi
cally intrinsic in nature, and shows a clear picture of the phys
ical interactions taking place in the semiconductor laser. Our
theoretical model also focuses on small-signal analysis, which
is used to study the modulation bandwidth or wavelength con
version speed. If one is interested in bit-error rate, however, a
large-signal approach is required [1], [4].
Several groups have measured the optical-absorption modu
lation response of a semiconductor laser for optical pumping
within the QW region, where the pump photons create elec
tron-hole pairs as they are absorbed [19], [23], [24]. The newly
created carriers relax into the lower states of the QW, modu
lating the QW carrier density and the laser output. In this paper,
optical pumping within the QWs is also investigated, but be
cause the optical pump energy is chosen to coincide with the
gain region of the test laser, certain physical interactions are dis
tinctly different from the previous cross-absorption case [25].
When the optical pump wavelength is within the gain re
gion of the test laser, the pump signal will be amplified through
stimulated recombination of carriers rather than the creation
of carriers through absorption. The amplification of the pump
signal will have two major effects. First, the carrier lifetime
will decrease because of stimulated recombination. Second, the
test-laser intensity will decrease at a given bias when the pump
signal is injected. The test-laser photon density and carrier life
time significantly impact the modulation response of the laser.
Moreover, there are effects which arise from cross-gain satu
ration due to the presence of more than one intense laser field
which can also influence the modulation response.
In this study, XGM is studied at a pump [distributed feed
back (DFB)] laser wavelength of 1542 nm, which is in the gain
region of the test laser. The effect of the pump intensity on the
small-signal modulation response of the test signal is studied
in detail. The paper is organized as follows. In Section II, the
small-signal optical XGM theory is presented and compared
with that of intrinsic intensity modulation response of a test laser
under a direct microwave modulation without an external optical
pump. In Section III, the experimental setup is described, and
experimental results are shown and compared with the theory.
The conclusion is presented in Section IV.
II. THEORY FOR AN OPTICAL PUMP IN THE GAIN REGION WITH
NONLINEAR CROSS-GAIN SATURATION
Consider a pump laser (denoted by the subscript 2) with a
photon density
competing for the gain with a test laser (de
noted by the subscript 1) with a photon density . The rate
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equations for the carrier density (1/cm ) and the photon den
sity
(1/cm ) of the lasing mode (test signal) are

(1)

B. Small-Signal Solution
In this section, the changes in the lasing mode photon den
sities and carrier density due to the pump signal variation are
assumed to be much smaller than the steady-state value of the
photon and carrier densities. To solve for the small-signal modu
lation response, the expressions for carrier and photon densities
are
(5)
(6)
(7)
(8)

(2)
where
test-laser current;
volume of the active region;
unit charge of the carrier;
carrier lifetime;
group velocity;
photon lifetime;
optical confinement factor;
gain at the test and pump laser wavelength, respec
tively.
In order to take into account the effects of nonlinear gain
suppression with cross-gain-saturation, we include
and
, which are the self-nonlinear gain saturation coefficients,
and
and
, which are the cross-nonlinear gain saturation
coefficients. The cross-saturation properties of the gain due to
pump-test-laser interactions describe how the pump and test
signals interact with each other in the active region. The gain
suppression at a wavelength
will be due to the presence
of both the test and pump photon densities, although not
necessarily to the same degree. The spontaneous emission term
has been neglected because the test laser is above threshold.

and by linearizing the gain function
(9)
is the differential gain at wavelength
or . For
where
the small-signal analysis, the quantity
will equal the
small-signal change in carrier density, denoted by .
Taylor’s series expansion is used to simplify the small-signal
form of the rate equations. Note that the source of modulation is
the pump photon density. Terms containing products of steadystate and small-signal components are linearized, and only firstorder terms are retained. The small-signal rate equations can be
expressed as follows:

A. Steady-State Solution
In the steady state, the time-varying terms are set to zero in the
rate equations (1) and (2). The equation for the photon density
is used to define the steady-state gain–loss relation

(10)

(3)

(11)

For simplicity in notation, capital letters
and
stand for
steady-state values. The equation for the carrier density can also
be used to solve for the light–current ( – ) characteristics of the
test laser, after setting the time-varying terms to zero

After eliminating the carrier density n and solving for
response is obtained

, the

(12)
where the numerator

is

(4)
where
is the original threshold current without
an external pump. With cross saturation, the – relationship
may not behave as a simple, linear function. For a given testlaser current , the photon density of the test-laser will be less
than what it would be if
were not present, since the pump
competes for carriers, causing both a shift in threshold for the
test laser and a change in the slope of its – curve.

(13)
due to stimulated re
in which the effective carrier lifetime
combination by the pump
is defined as
(14)
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TABLE I
COMPARISON OF INTENSITY MODULATION RESPONSES: INTRINSIC AND XGM

and the cross-gain-saturation term

is
(15)

Now the damping factor can be defined, after simplification, as
(16)
and the resonant frequency squared may be written as

The expression for the damping factor remains almost the
same, except for the reduced carrier lifetime. The relaxation fre
quency (
), however, depends on pump laser photon
density . The overall response is simply the “intrinsic” form
of the response in the denominator, but with different values
defining the relaxation frequency
and the damping factor .
Equations (14), (16), and (17) indicate new analytical results on
the effective inverse carrier lifetime (
), , and , respec
tively. The numerator
remains almost constant within the
frequency range of interest. As a final step, the overall response
is normalized, and the magnitude is written as

(17)
(20)
or replacing

by

using (14)
(18)

where

(19)

The equations are summarized in Table I. The expressions for
the conventional intrinsic small-signal modulation response are
also listed in Table I for comparison. It should be noted that the
two sets of modulation responses are identical when the photon
density
approaches zero. Therefore, the expressions for the
small-signal optical gain modulation response are actually the
intrinsic modulation response of the semiconductor laser and
are useful in studying the physics of XGM.
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TABLE II
STRUCTURE OF THE TEST LASER

Fig. 1. Experimental setup for the optical XGM measurement. The pump laser is a DFB laser emitting at a single-wavelength within the gain spectrum of the test
laser. The test laser is an InAlGaAs QW laser, which can be directly modulated by current or optically modulated by the pump laser.

III. EXPERIMENTAL SETUP AND RESULTS
A. Experimental Setup
Optical-gain modulation experiments are performed on
a multiple-QW InGaAlAs Fabry–Perot (FP) laser, which is
used as the test laser. The composition of the undoped active
region is described in Table II. The barrier photoluminescence
wavelength is 1.21 m, and the photoluminescence wavelength
peak of the active region is 1.56 m. We select a pump laser
wavelength around 1.542 m, which is in the gain region of
the test laser [27].
A schematic diagram of the gain-modulation response
experiment is shown in Fig. 1. The pump laser is a 1.542 m
DFB) laser with a 3-dB bandwidth of 9 GHz. The pump laser
is modulated electrically, and its optical output is injected into
the test laser. The XGM is realized in the test-laser cavity.
The overall modulation response of the test laser has been
calibrated with respect to the modulation response of the pump
laser. The modulated pump and test signals are injected from
the test laser into a fiber using a lensed fiber-optical interface.
The test-laser output is filtered through and converted into a
microwave signal using a 29-GHz high-speed photodetector.
The microwave signal is then amplified using a 18-dB-gain
microwave amplifier, and the small-signal responses
are measured by an HP8510 network analyzer. The normalized
modulation response
is obtained according to
the low-frequency value
, which is referred to as the

signal level. The optical XGM experiments are performed in
a manner similar to the optical pump experiments of pumping
in the absorption region in [24]. However, there are a few
important differences in procedure which must be followed.
First of all, the light coupled from the output of the test laser
includes both the pump signal and the test signal. Therefore,
the output must be filtered to remove the pump light before
the light enters the high-speed detector. In the experiments, a
tunable fiber-optic bandpass filter is used to capture only the
light from the test laser, and reject all of the light at the pump
laser wavelength. Secondly, the dc portion of the pump light
causes a shift in the test-laser threshold, decreases the test-laser
intensity at a given bias, and experiences amplification as it
passes through the laser. It is essential to monitor both the
pump and test-laser intensities at each value of bias current, and
to measure the test-laser intensity with the pump on and off.
Finally, the pump laser should be chosen to have a wavelength
sufficiently detuned from the eigen-frequency of the test-laser
cavity to avoid injection locking [29].
B. Dc Analysis
Because gain saturation is an intensity-dependent phenom
enon, it is important to understand the effects of dc bias upon
optical injection. In addition to explaining the experimental data
using our model, we would like to discuss major possible phe
nomena of optical gain modulation, which is not only limited
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in the behavior of our particular test laser. From our theory, the
new threshold and the slope of the – curve including these
effects are

(21)

�����

(22)

When the cross-saturation coefficients are large, the “slope”
will decrease rapidly with a larger pumping, and the increase in
threshold will be slow. If the saturation effect is negligible, we
will not observe the slope change of the – curve. The output
power of the probe laser degrades only because of the rapidly
increasing threshold.
Fig. 2 shows the – curves of the test laser at different pump
powers. The data were taken while measuring the XGM re
sponses. The symbols are experimental data, and the lines show
their trends. In this case, the pump causes a shift in the threshold
and significantly alters the slope of the – curve, which indi
cates large cross-gain-saturation effects.

Fig. 2. Light output versus injection current of the test laser for external pump
signal injection of 0, 0.2, 0.5, and 0.8 mW. The symbols are experimental data,
and the lines show the trends.

C. Small-Signal XGM
The small-signal amplitude-modulation response of the test
signal is measured when an intensity-modulated pump signal is
injected into the test laser. Fig. 3(a) shows the normalized mod
ulation response of the test laser under a constant pump laser
injection (0.8 mW) at different test-laser biases (15, 25, and 40
mA). The power of the pump laser is measured before it is in
jected into the test laser. The modulation responses clearly show
relaxation frequencies at 2, 5.2, and 6.5 GHz, respectively. For
comparison, the normalized small-signal electrical modulation
of the test laser is also presented in Fig. 3(b). The relaxation
frequency peaks are at 2.1, 4.8, and 6.2 GHz at biases of 15,
25, and 40 mA, respectively. Optical modulation directly mod
ulates the carrier density in the same manner as current modu
lation (electrical modulation), but removes carrier transport ef
fects and the circuit parasitics, which contribute to an additional
low-frequency roll-off in the modulation response [24]. At low
current bias, even the relaxation frequencies of electrical and
optical modulation are close, and the optical gain modulation
still shows a higher relaxation peak. In general, the optical gain
modulation can improve modulation bandwidth compared to the
electrical modulation.
By fitting the frequency response function in (20) to the ex
perimental data, the damping factor and the relaxation fre
quency
at different test-laser biases and pumping powers are
obtained as shown in Fig. 4. At a constant relaxation frequency,
the damping factor increases with increasing pump signal, and
the modulation response is flattened. The slope of the linear fit
of the damping factor versus relaxation frequency squared is the
factor

(23)

Fig. 3. (a) The XGM response of the test laser at bias currents of 15, 25, and 40
mA with a pump laser power of 0.8 mW using the setup in Fig. 1. The symbols
represent the experimental data. The solid curves are theoretical fitting. (b) The
electrical small-signal intensity modulation response of the test laser (symbols)
is plotted at bias currents of 15, 25, and 40 mA. No external pump laser light is
injected. The solid curves are theoretical fitting.

(24)

factor increases with increasing
Fig. 5(a) shows that the
pump power, as predicted by (24), but the change is very small.
In Fig. 4, the vertical axis-intercept of the linear fit can be used
to calculate the effective carrier lifetime . The effective car
rier lifetime versus pumping power is shown in Fig. 5(b). We
can see the reduction of the effective carrier lifetime when the
pump light is injected, as expected from theory (14), because
the amplification of the pump signal in the test laser increases
the stimulated recombination rate. The solid lines in Fig. 5 are
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TABLE III
THE TEST LASER PARAMETERS

Fig. 4. Damping factor versus the relaxation frequency squared at different
pump power injection. The symbols are experimental data and the lines are the
linear fitting.

�

Fig. 5. (a) The
factor and (b) the effective carrier lifetime versus pump
injection power. The solid lines are theoretical calculations.

the theoretical calculations, which agree very well with our ex
perimental data. In our calculation, some of the parameters such
as the effective index of refraction, intrinsic loss, and the initial
value of the differential gain are obtained from previous inde
pendent measurements [27]. The effective index of refraction
of the test laser is
, which can be used to calculate
the group velocity
cm/s, the facet re
flection coefficient
, mirror
loss
cm , and photon lifetime
ps. The final value of the dif
ferential gain, self-, and cross-gain saturation coefficients are
extracted by fitting the -factor and the effective carrier life
time. To simplify the calculation, we assume
because
the wavelength of the pump signal and the test signal are very

Fig. 6. (a) XGM response of the test wavelength with a fixed test-laser bias
of 20 mA and pump powers of 0.2, 1.2, and 1.5 mW. (b) XGM response of the
test wavelength with a fixed test-laser bias of 35 mA and pump powers of 0.2,
0.8, 1.5, and 1.8 mW. The symbols are experimental data, and solid curves are
theoretical fitting.

close. The test-laser parameters used for the theoretical calcula
tion are listed in Table III.
The effect of pump power on the modulation responses was
studied, focusing on the effects of the pump signal on the relax
ation frequency and the damping factor. Fig. 6(a) shows the nor
malized response of the test laser with fixed test laser bias (20
mA) and pump powers of 0.2, 1.2, and 1.5 mW. Fig. 6(b) shows
the normalized response of the test laser with a higher fixed
test-laser bias (35 mA) and pump powers of 0.2, 0.8, 1.5, and
1.8 mW. At low test-laser bias (20mA), the relaxation frequency
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is almost unchanged with different pump injection. This is be
cause the dc injection current is low and the pump signal con
sumes most of the available carriers. An increase of pump power
saturates the cavity gain, reduces the test-laser photon density,
and flattens the relaxation peak of modulation responses. Fur
ther increasing pumping power can switch the test laser below
threshold, and no modulation response can be observed, while
at high test-laser bias (35 mA), more carriers are available, and
the relaxation frequency increases with increasing pump signal.
The modulation response is improved with increasing pumping
power, while the improvement of the modulation bandwidth has
its limit. If we further increase the pump signal to 1.8 mW,
the modulation responses show large damping at the test wave
length, and the modulation bandwidth improves very little. At
the same time, we also observe a decrease in the signal level
. The damping factor at low injection is much smaller
than that at high injection, as shown in Fig. 4. Therefore, at
higher pumping, the test-laser modulation response is domi
nated by the high damping from cross-gain-saturation. When
the test-laser dc bias is increased further, the test-laser signal
will experience more saturation, and the test signal level will de
crease further. Although the relaxation frequency will increase
as shown in Fig. 6(b), the overall modulation bandwidth will not
be improved much, and will reach its limit for the optical gain
modulation because of the huge damping. In general, the in
crease of the damping factor due to cross-gain saturation limits
the improvement of the bandwidth.
Fig. 7 shows the relaxation frequency squared versus testlaser bias at different pump powers. The lines show the linear
trends of the squared relaxation frequency versus test-laser bias.
At low test-laser bias (15 mA) and high pump injection (above
1.2 mW), the pump drives the test laser into below-threshold op
eration, and no modulation signal can be measured. In Fig. 7, the
interception of the linear fit with the horizontal axis is around
the new threshold of the test laser. The data also show the trend
of threshold increment with higher injection. The variation of
the relaxation frequency with pumping signal can be explained
by our model. As shown in (18) and (19), the Y factor depends
mostly on the saturation coefficients. If the self-gain-saturation
coefficients
are bigger than the cross-gain-saturation coef
ficients , we can show that the Y factor is positive. There
are several effects of pump signal on the test signal. First, the
pump signal shifts the threshold of the test laser and also re
duces the photon density of the test wavelength , which will
decrease the relaxation frequency. Second, because of the selfand cross-gain-saturation, when the Y factor is positive, the re
laxation frequency can also increase with higher injection. The
overall variation of the relaxation frequency depends on which
effects are dominant. For our experiment, at low test-laser bias,
since
is small, the percentage reduction of test signal photon
density is large, and the first effect is compatible with the second
effect. We observe a small decrease of the relaxation frequency
with increasing pump power. Actually, the variation of the re
laxation frequency is very small because of the small
value
and the cancellation of the two effects. On the other hand, at
large test-laser bias, the second effect is more important than
the first for our test laser. The percentage variation of photon
density
with different pump power is small, and a large
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Fig. 7. The relaxation frequency squared versus the test-laser bias. The
symbols are results for experimental data, and the lines are linear fitting.

value amplifies the effect of variation, which results in a large
relaxation frequency difference. Fig. 7 indicates small changes
of relaxation frequency at low test-laser bias, and a large relax
ation frequency variation at high bias.
IV. CONCLUSION
We have theoretically and experimentally evaluated the
small-signal intensity modulation of the QW test laser driven
by the injection of modulated pump signal. Rate equations for
optical pumping within the gain region, including the effects
of pump-induced stimulated recombination and cross-gain
saturation, which corresponds to wavelength conversion by
XGM, have been presented. The model predictions, such as a
shortened carrier lifetime and a shift in the laser – threshold,
are confirmed by the experiments. The model also well explains
the variation of the relaxation frequency with different pump
power. The test-laser photon density and carrier lifetime both
influence significantly the modulation responses and show
major features in XGM. Our experiments and theory also show
that there are subtle effects from cross-gain-saturation due to
the presence of two laser fields affecting the optical gain modu
lation response. Comparison between electrical modulation and
optical XGM of the test laser is also presented, which shows
improvement of modulation bandwidth by optical XGM.
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